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Optical trapping of individual particles is believed to be only effective under highly-
focused beams because these conditions strengthen the gradient forces. This is espe-
cially critical in the beam propagating direction, where the scattering and absorption
forces must be counterbalanced. Here, we demonstrate that optical trapping of nanos-
tructures is also possible in a weakly-focused beam. We study the theoretical conditions
for effective three-dimensional optical confinement and verify them experimentally on
iron-oxide-based nanoparticles with and without a silica coating, for which scattering,
absorption and gradient forces exist. This chemical approach to their all-optical con-
trol is, in turn, convenient for making magnetic nanostructures biocompatible. Weakly-
focused beams reduce the irradiance in the focal region and therefore the photon damage
to the samples, which is further important to delay quantum dot quenching in the trap
or to prevent artifacts in the study of biomolecular motor dynamics.
Introduction
Optical trapping is a now mature strategy to both manipulate objects and measure forces by
way of light. From a practical viewpoint, it is currently being exploited in the manipulation of
small structures, from micro and nanoparticles (NPs) to molecules and atoms, in a wealth of
interdisciplinary research topics.1–7 Its power relies on the fact that control over the trapped
specimens is contactless and with pico-Newton forces, which are high enough to overcome
thermal effects and low enough to maintain the integrity of the specimens. In many cases,
however, the optical concentration of light energy in typical optical tweezers setups, namely,
those in which a monochromatic beam is focused to a diffraction-limited spot,8 may be
detrimental. A high-trapping irradiance may affect the dynamics of the trapped specimen, as,
for example, in biomolecular processes9 or artificial engines,10 accelerate chemical changes,
like those taking place in quantum dot luminescence11 and, ultimately, generate irreversible
functional damages to the sample, which may happen during intracellular manipulation.12
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Efficient single-beam traps are based on a highly-focused monomode laser, which involves
a tight confinement. This is desired to decrease the effect of the thermal fluctuations and
increase the spatial localization of the sample, all in all optimizing the fine manoeuvrability
of the trapped specimen. Optical trapping in highly-focused beams has been studied both
theoretically and experimentally to optimize trapping efficiency and force measurements.13–20
The reduction of optical irradiances in the trap is, however, antagonist to this optical design.
Optical traps with weakly-focused beams imply large focal regions and low optical forces
hence posing the question as to what extent optical trapping is effective.
From a technical viewpoint, typical objectives in optical tweezers setups are high nu-
merical aperture (NA) lenses (NA= 1.2 − 1.4), which produce tight traps. Loose traps
can be implemented by using low NAs (. 0.5).21 Some researchers, however, implement
low-numerical aperture beams (NAb) inside these objectives by beam underfilling of their
entrance pupil.22–24 The technical interests of weakly-focused optical traps generated with
high-NA objective lenses are, first, that this methodology makes possible to move the optical
trap without strong distortion of the beam by the objective’s pupils; second, that it makes
possible to collimate and recover all the scattered light after the trap, which is necessary
to calibrate the setup as a force sensor by using the light linear momentum conservation
principle;24,25 and third, that low-NAb beams are less prone to suffer from severe spherical
aberration.26
In this article, we study theoretically the conditions for effective optical trapping of single
NPs under low focusing. We find equilibrium positions of the NP within the broad focal
region and stiffness constants in the three spatial directions. In a second part, we test
our theoretical results with two types of particles, an Fe3O4 NP and a stratified particle
composed by an Fe3O4 core coated by an SiO2 shell (Fe3O4@SiO2), both of which exhibiting
optical scattering and absorption but differing in their optical stability in the trap. Iron oxide
NPs are of strategical importance for nanomedicine and other applications, in particular for




We synthesized plain and silica-coated iron oxide NPs with different core and shell sizes, as
described in the Supporting Information. Figure 1 shows TEM images and size statistics
for the main core and core-shell systems herein used. Figures S1 and S2 in the Supporting
Information shows additional preparations therein analyzed and Figure S3, the magnetic
characterizations.
Figure 1: Transmission electron microscopy (TEM) image, (a), and normalized size distri-
bution histogram, (b), of  = 11 ± 1 nm Fe3O4 NPs. These NPs were encapsulated in
SiO2 in a two-step process (Supporting Information). TEM images, (c), and normalized size
distribution histogram, (d), of  = 99 ± 4 nm final Fe3O4@SiO2 NPs. Inset image in (c)
corresponds to Fe3O4 cores encapsulated with SiO2 after 24 h of reaction and the main image
in this panel to the same preparation after a re-growth reaction of 24 h additional time.
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Optical tweezers experimental setup
We used a so called miniTweezers,33 which is a compact instrument suspended from the ceil-
ing with reduced mechanical drift. The miniaturized configuration also reduces optical path
lengths, all in all affording larger measurement stability over time. This apparatus is capable
of measuring forces as changes in light-momentum flux. Since this direct measurement of the
force is not based on trap stiffness, force calibration is independent of the trapped specimen’s
size, shape, or refractive index; the viscosity or refractive index of the solution or variations
in laser power.24
In this instrument, we used a diode laser (250 mW at maximum output power and
λ = 808 nm from Lumics) with circular polarization. The beam is focused by a water-
immersion objective, 60X, NA= 1.20 (Olympus, UPLSAPO 60XW) to form the optical trap
in a microfluidics chamber. The maximum laser power in the optical trap was 125 mW. The
light exiting the trap is collected by a similar objective lens in the forward direction and by
the focusing objective lens in the backward direction, and redirected to position-sensitive
detectors, which monitor the three force components acting on the trapped particle.
For the calibration based on the conservation of light momentum, it is necessary that all
the light exiting the trap is collected; the numerical aperture of the beams is then reduced
to approximately NAb = 0.5, which allows the objective lenses to act as both light focusing
elements and collectors.
Stokes’ law and power spectrum density measurements
The drag coefficient, γ, of a particle in the trap was determined by moving the microfluidic
chamber and recording simultaneously the displacement velocity and the drag force. Then,
from Stokes’ law, Fdrag = γvdrag, it is straightforward to obtain γ as linear fitting. Thermal
noise analysis was performed over force fluctuations, Figure 2, acquired at 219 = 524288 Hz
during 10 s for the y-axis and at 600 Hz during approximately 30 s for the z-axis. Data
were divided in subintervals for Fourier-transform and subsequent averaging. The corner
5
Figure 2: Left panel, force fluctuation of a single optically-trapped Fe3O4@SiO2 (core-shell
system shown in Figure 1, (c) and (d)), at three different laser powers. Data were acquired
during approximately 30 s at a sampling frequency of 600 Hz. Right panel, corresponding
position fluctuations of the same NP calculated by Hooke’s law using the experimentally-
determined trapping stiffness. Fluctuations are isotropic in the plane perpendicular to the
optical axis. In addition, it is observed that while the amplitude of the force fluctuations
increases with the optical power in the trap, the amplitude of position fluctuations decreases
with power, indicating, as expected, a growing spatial confinement with power.
frequency, fc, was obtained by fitting to the equilibrium power spectrum density (PSD) of
an overdamped particle in a harmonic potential 〈∆F 2(f)〉eq = 2γkBTf 2c /(f 2 + f 2c ), where f
is the frequency and kBT is the thermal energy.
Theory
We model the beam before the focusing element (the objective lens) by a plane wave prop-
agating along the ẑ direction. The electric field, ~E(r, t) = ℜe {E(r) exp(−iωt)}, can be
expressed as a sum of two components, one along the x̂ direction and the other along ŷ, with
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the next Jones general polarization state representation:




(fxx̂+ fyŷ) , (1)
where fx and fy are complex numbers that address the amplitude and phase changes that Ex
and Ey experience before the focusing of the beam. In particular, wave plates and polarizing
beam splitters may be used to combine several beams with similar or equal wavelengths to
avoid interference effects in the focal region, which are detrimental for trapping. In some
optical tweezers setups, circular polarization in the focal region takes place as a consequence
of the use of retarders.24
Weakly-focused beam model
After the objective lens, each component is converted into a focused beam thus carrying its
respective amplitude and phase difference. If the NA of the combined beam is low enough,













where r = xx̂ + yŷ + zẑ, p = |fx|2 + |fy|2 and E0 is a complex number addressing global

















where ρ2 = x2 + y2, k = nk0 is the wavenumber (n, the refractive index of the surrounding
medium, which we assume non-absorptive, and k0 = ω/c = 2π/λ, the vacuum wavenumber),
W (z) = W0
√
1 + (z/z0)2 and W0 =
√
λz0/nπ are the beam width and the waist radius
(beam width at z = 0), respectively, z0 is the Rayleigh range, R(z) = z(1 + (z0/z)2) is the
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radius of curvature of the beam’s wavefronts and ζ(z) = tan−1(z/z0) is the so-called Gouy
phase at z. In the far field (z ≫ λ, z0), W (z) ≈ (W0/z0)z, hence W0 and z0 can both be
expressed in terms of the beam’s numerical aperture (NAb = n sin θ0, being θ0 the beam’s
divergence angle) as W0 = λ/(πNAb) and z0 = λn/(π(NAb)2).
The origin of the coordinate system for our analysis is located at the focal region center
and the propagating direction, coincident with optical axis, is fixed along the ẑ direction
in Equation (3). This reference system will be used throughout the paper. The Gaussian
beam approximation fails for highly divergent beams; it is valid when wavefronts are tilted
with respect to the optical axis less than a threshold angle θc such that sin θc ≈ θc (paraxial
approximation).34 This condition is fulfilled for θ0 ≤ θc ≈ 30◦ and we will show that yields
effective optical confinement in three dimensions (3D) for NPs. To analyze the resulting op-
tical forces and to provide equilibrium positions along the optical axis and stiffness constants
in the three spatial directions, we next study a general NP, namely, a small object with both
scattering and absorbing behaviors.
Optical forces on a small particle
The time-averaged force components on a subwavelength-sized particle in an arbitrary time-




ℜe {αE(r) · (∂iE∗(r))} . (4)
where i = x, y, z are the Cartesian force components and ∂i is the partial derivative with
respect to the corresponding spatial coordinate. The optical behavior of the particle is
described by the complex polarizability, α, which is a sufficient description provided that the
particle can be approximated by a dipole. The total time-averaged force can be expressed
as the sum of a gradient and an extinction force, the latter representing both the scattering
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Introducing the complex amplitude expressed in Equation (3) in Equation (2), and then
in Equation (4), and separating for the real and imaginary parts for the polarizability to


































































































































The relation between the incident electric field, E0, for a general polarization-state weakly-
focused beam, Equation (2), and the resulting optical power is explained in the Supporting
Information.
The fact that the terms that accompany the real part of the polarizability are gradient
forces and those going with its imaginary part constitute the radiation pressure, as con-
tributed by scattering and absorption light effects on the NP, was justified elsewhere for a
general paraxial beam in the Rayleigh approximation (ka ≪ 1, being a the radius of the
NP).36,37 Basically, the real part of the polarizability accompanies the gradient of the light
beam intensity, whereas the imaginary part of the polarizability goes with the intensity in
the expression of the total optical force on a NP under a paraxial light beam. The imagi-
nary part of the polarizability is in turn proportional to the scattering and absorption cross
sections for very small particles compared to the wavelength. The additional term in the
equation of the total force, as obtained in,36,37 which is also proportional to the imaginary
part of the polarizability, was explained to be related to the spin angular momentum of the
light field elsewhere.38 The presence of this term manifests in our calculations through the
fact that the force in the x̂ direction, Equations (6) and (9), do not exhibit symmetry on
interchanging x ↔ y with the force in the ŷ direction, Equations (7) and (10).
Analytical expressions to address the polarizability of general nanostructures, including
coated NPs, within the dipolar approximation are described in the Supporting Information
and Figure S4.
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Equilibrium conditions and trapping stiffnesses
The condition for stability, 〈Fi(r)〉 = 0, applied to the directions orthogonal to the optical
















The closer to the focal region center, the higher the probability of optical confinement. In
practice, simple physical inspection of the axial stability involves that z ≪ z0. Applying this





ℜe {α} (kz0 − 1) . (16)
Linearization of Equation (5) (with gradient and extinction components given by Equa-
tions (6-11)) around req = (0, 0, zeq) provides expressions for the spring constants in the three
spatial directions:










these stiffnesses describe the optical trap near the focal region center according to a Hooke’s
law: 〈Fi(i)〉 = −κii, with i = x, y, z. Noticeably, trap physics near the center of the focal
region does not depend on the optical absorption of the NP, as observed from the absence of







implying that for weak focusing (long z0), trapping efficiency is larger in the transversal
directions and that the ratio between the transversal and the axial stiffnesses does not depend
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on the optical power.
Experiment
We next evaluate experimentally the above theoretical results with iron oxide NPs of different
compositions. These particles are within or slightly above the Rayleigh size range. The
optical properties of magnetite (Fe3O4) NPs have been analyzed in several reports,39–42 and
experimental data for the dielectric constant are available.43 Therefore, we can perform
predictions with the above theoretical analysis and verify them experimentally.
Early reports on optical trapping of iron oxide NPs did not show 3D optical confinement
by just a focused beam.44–46 With the aim of understanding this problem and to yield
net optical trapping stability, we synthesized two types of NPs (Methods and Supporting
Information): an Fe3O4 (IONP) sample with mean diameter 2a = 11 ± 1 nm (Figure 1,
(a) and (b)) and two samples of silica coated iron oxide NPs (IONP@SiO2) with the next
size distribution parameters: Type I: core diameter, 2ac = 11 ± 1 nm; total diameter,
2a = 99 ± 4 nm (Figure 1, (c) and (d)). Type II: 2ac = 22 ± 3 nm, 2a = 50 ± 5 nm
(Figures S1 and S2). The magnetic characterizations of these samples are also explained in
the Supporting Information, including Figure S3.
The description of our optical tweezers setup can be found in the Methods section. We
used λ = 808 nm, fx = 1 and fy = −i (circular polarization in the trap), n = 1.333 (water),
NAb ≈ 0.5 (NA = 1.2, water-immersion objective lens), which makes θ0 = 22◦, within the
paraxial approximation, and 2z0 ≈ 2740 nm and 2W0 ≈ 1030 nm for the axial and transversal
dimensions, respectively, of the focal region in our optical trapping design.
We observed experimentally that IONPs and IONP@SiO2 (type II) escape from the
focal region along the beam’s propagating direction. On the contrary, IONP@SiO2 (type I)
remained stable in the optical trap. The theoretical predictions are shown in Figure 3. It is
observed that there is not net optical stability in 3D for the IONPs. The radiation pressure
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Figure 3: Average optical forces at the optical axis (x = y = 0), (a), and at the laser
focus (z = y = 0), (b), for a single IONP. Analogue plots, (c) and (d), respectively, for an
IONP@SiO2 (type I). Laser power, 100 mW.
exerted in the axial direction, Figure 3(a), dominate the gradient force. Therefore, the
particle escapes in the beam’s propagating direction, despite there is optical stability in the
transvesal directions, Figure 3(b). Similar qualitative results were obtained for IONP@SiO2
(type II), see Figure S5 in the Supporting Information. Finally, IONP@SiO2 (type I) particles
can be trapped in 3D: there is optical stability both in the axial and transversal directions
(Figure 3, (c) and (d), respectively). The addition of a transparent coating to the IONP
cores increases refraction with respect to absorption, making gradient forces dominate the
radiation pressure and hence yielding net optical confinement in 3D.47
To obtain a quantitative comparison between theory and experiment, we measure the
spring constants in the transversal and axial directions for an IONP@SiO2 (type I) in the
optical trap. The power spectrum densities (PSDs) of the force fluctuations of an individual
NP at two laser powers are plotted in Figure 4(a). Characteristic corner frequencies, fc,
were obtained from each PSD measurement (Methods and Figure 2). Corresponding drag
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Figure 4: Experimental determination of the trapping stiffnesses of single nanoparticles. (a)
Power spectrum densities (PSDs) of the force fluctuations of an IONP@SiO2 (type I) at
Ptrap = 120 mW (blue) and Ptrap = 60 mW (grey). Overlapped curves are Lorentzian fits to
the experimental data, yielding corner frequencies of fc = 262 ± 7 Hz and fc = 143 ± 8 Hz
for y-axis fluctuations and fc = 17.4± 5.0 Hz and fc = 10.2± 0.5 Hz for z-axis (Ptrap = 120
mW, dark blue curve, and Ptrap = 60 mW, black curve, respectively). For z-axis, PSDs
were deliberately truncated below Nyquist frequency for the sake of clarity. (b) Stokes’
law test of an IONP@SiO2 (type I) at Ptrap = 120 mW along the y-axis. Best fitting line to
Fdrag = γvdrag yields a drag coefficient of γ = (6.0±0.3)×10−4 pN s µm−1. (c) Average (mean
± SD) lateral (κy) and axial (κz) trapping stiffnesses calculated from the corner frequency
and the drag coefficient measurements for five individual IONP@SiO2 (type I) sample NPs.
Solid lines are the best linear fit to experimental data, whereas dash lines are the theoretical
predictions.
coefficients, γ, were measured from the Stokes’ law (Methods), as shown in Figure 4(b).
These data are directly taken in our optical setup since it is calibrated by using the linear
momentum conservation principle (Methods). The trapping stiffnesses were derived as κ =
2πfcγ. Concurrent determination of γ and fc for each NP in the trap avoids the use of
hypotheses on actual size, geometry or composition of the specific NP in the trap or the
viscosity of the medium, which may change as a result of mild optical heating from the
NP. Figure 4(c) shows the trap stiffnesses vs. optical power at the focal region in the
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transversal and axial directions, along with the theoretical predictions. The amplitude of the
force fluctuations in the transversal directions, x̂ and ŷ, were similar (Figure 2), confirming
trapping homogeneity in this plane.
Calculations at 100 mW using Equation (17) yield κx = κy = 1.45 pN/µm, very closed
to the numerical prediction (i.e. κi = ∂iFi|(xeq ,yeq ,zeq) where i = x, y, z), κx = κy = 1.40
pN/µm, hence confirming the validity of the approximations above. Experimentally, κy =
0.91± 0.09 pN/µm for the sample NP shown in Figure 4(c). In these conditions, according
to Equation (16), the theoretical position for this type of NP in the trap is zeq = 174.5
nm (177.6 nm by solving Fz(zeq) = 0 numerically), with xeq = yeq = 0. With regards
to the trapping stiffness along the optical axis, the theoretical prediction at 100 mW is
κz = 0.102 pN/µm (0.0953 pN/µm numerically), whereas the experimental measurement
yielded κz = 0.07 ± 0.03 pN/µm for the sample NP shown in Figure 4(c). κz is about ten
times smaller than κx and κy, as confirmed by the theoretical prediction, Equation (19):
κz/κx,y = 0.070 (0.068 numerically and 0.08 ± 0.01 experimentally), in agreement with
results for much tighter traps.20
The force components for y = x = 0, 〈Fx(z)〉gra = 〈Fx(z)〉ext = 0 and 〈Fy(z)〉gra =
〈Fy(z)〉ext = 0 for all the NPs. Similarly, the force components 〈Fx(0, y, 0)〉gra = 0 and
〈Fy(x, 0, 0)〉gra = 0. However, the force components 〈Fx(0, y, 0)〉ext and 〈Fy(x, 0, 0)〉ext,
though very small, are not negligible. In fact, these force components generate an opti-
cal torque to the NP in the trap, as shown in Figure 5 for the IONP@SiO2 (type I) sample
NPs. The top panel of this figure is a vector field plot exhibiting the resulting optical vortex,
whereas the bottom panel shows the magnitude of the torque-generating forces, which is four
orders of magnitude smaller than the trapping forces (see Figure 3(c)).
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Figure 5: Average torque at the laser focus for a single, optically-trapped IONP@SiO2 (type
I). Top panel, lateral optical extinction force field at z = 0. Bottom panel, magnitude of
〈Fy(x, 0, 0)〉ext. The corresponding plot for 〈Fx(0, y, 0)〉ext has opposite sign in the vertical
axis. Laser power, 100 mW.
Discussion
The comparison between experiments and theory exhibits good agreement. On one hand, the
qualitative behavior of the NPs, namely, the trapping effectiveness, is rigorously predicted
by the theory. On the other hand, having in mind the size dispersion in the NP prepara-
tion, not mentioning geometrical deffects or composition transitions between magnetite and
maghemite, the quantitative agreement is quite reasonable.
Based on this consistency, we now discuss the influence of the beam numerical aperture
and core and shell sizes in the optical trapping. As detailed in the Supporting Information,
for the former, stable optical trapping is not possible for single IONP@SiO2 (type I) NPs
below NAb ≈ 0.35 (Figure S6). For the latter (Figure S7), silica encapsulation only enables
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the trapping of Fe3O4 cores with radius smaller than ac = 10 nm, provided that silica shells
remain in the range 30 nm < a < 90 nm, using beams with NAb=0.5. These predictions
arise not only due to the fact that gradient forces may not counterbalance the extinction
effects outside these ranges but also due to the magnitude of the forces, which may be too
low (on the order of 1 fN in theoretically limiting conditions) to hold a NP in the presence
of noise.
The dielectric constants for the magnetite were obtained from bulk experiments, in which
the material had macroscopic dimensions.43 In this regard, we have discarded magnetic effects
at optical frequencies for the iron oxide NPs (namely, deviations from the supposed relative
magnetic susceptibility µr = 1). Since a magnetodielectric behavior has been described for
magnetite,48 including effects at optical frequencies,49 we have performed a rigorous theoret-
ical analysis of these effects50–54 in the experimental conditions described above (Supporting
Information). We have found a very low contribution of the first magnetic Mie coefficient
for the Fe3O4@SiO2 NPs and a negligible effect for the Fe3O4 NPs with respect to the first
electric Mie coefficient.55,56 Likewise, in order to assess the validity of the dipolar approxi-
mation, we have evaluated the second electric and magnetic Mie coefficients55,56 finding that
their contributions are also very small. Both sets of numerical results confirm the validity of
our theoretical analysis above.
Due to the low trapping forces that may experience very small particles, thermal fluc-
tuations at ambient temperature in liquid media may in practice prevent optical trapping.
However, due to the high dynamical stability of our tweezers setup, this did not happen in
our assays and trapping forces as low as of some tens of fN were sufficient to maintain a
stable confinement of the NPs in the trap (for minutes).
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Conclusions
We have demonstrated optical trapping of single NPs in weakly-focused beams and have
revealed the stringent theoretical conditions that are required. We show that the effectiveness
of optical trapping depends on the material properties of the NP through the polarizability
and that stiffnesses of the trap in the three spatial directions only depend on the refractive
properties of the NP. The transversal stiffnesses are around ten times larger than the axial
stiffness and the region visited by the confined NP can be assimilated as an ellipsoid with
long axis in the beam’s propagating direction and typical dimensions of a few micrometers.
Optical manipulation is therefore possible in conditions in which radiation damage has
to be reduced.
Our theoretical results are analytical, thus making possible to predict effective optical
trapping without the need of experimental tests or the burden of cumbersome numerical
computations.
Finally, we have demonstrated optical control of iron oxide NPs, for which, due to the
importance of energy losses, 3D confinement had not been possible to date. We have made
it possible through a chemical strategy: by using a silica coating, which makes the effective
behavior of the NP in the optical field approach a purely transparent NP. This strategy
increases the magnitude of the gradient forces, ultimately responsible for the optical trapping.
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